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STATEMENT OF THE PROBLEMS STUDIED 

1. Optimize the Properties of Aluminum Metal Matrix Composites 
(MMCs) through changes in reinforcement size, volume fraction, 
and changes in heat treatment. 

2. Determine the effects of changes in reinforcement particulate size 
and volume fraction on the tensile properties and fracture 
toughness.    Reinforcement volume fractions of 15% and 20% 
were studied, while SiC particle sizes of 5 urn and 13 urn were 
studied. 

3. Determine the effects of heat treatment on the tensile 
properties  and  fracture  toughness  of particulate reinforced 
MMCs. 

4. Investigate the effects of high pressure deformation on the 
subsequent  ductility   and   fracture   behavior. 

5. Explore the possibility of producing low cost laminated MMCs which 
possess a combination of high ductility, high strength and 
modulus,  and high  toughness. 

B.      SUMMARY OF THE MOST IMPORTANT RESULTS 

1. The properties of the MMCs investigated included Aluminum Alloy 
MMCs consisting of either an Al-Zn-Mg-Cu matrix or an Al-Mg- 
Cu matrix.    The properties of the monolithic materials were 
studied in addition to the composites.    It was shown that an 
underaged heat treatment with a 13 urn average SiC particle size 
produced the best combination of mechanical properties in the 
composite.    Significant effects of heat treatment on the fracture 
mechanisms  and  resulting properties  were documented  and 
related  to  the  details  of the  matrix/reinforcement interface. 

2. It is shown that the 13 urn SiC particulate composites exhibited 
better properties than the composites containing the 5 urn SiC 
particles.    The composites containing 15 volume percent SiC 
exhibited  better fracture properties but lower elastic  modulus 
than the composites containing 20 volume percent SiC 
particulates. 



3. Heat treatment was shown to have a dramatic effect on the 
tensile and fracture toughness of the composites. 
Microstructures  were  characterized  with Transmission Electron 
Microscopy and the sources of the large effects of heat 
treatment on properties were identified.    Significant changes in 
the SiC/matrix interface were observed with heat treatment. 
The nature of the segregation at the interface was quantified. 

4. Deformation conducted with high pressure was shown to 
dramatically increase the ductility and fracture properties  of 
the composites.    It was shown that the matrix microstructure 
and matrix alloy exert a major effect on the behavior under 
high  pressure  conditions. 

5. Preliminary studies were conducted to produce low cost laminated 
composites with improved strength and toughness.     Laminates 
were processed to contain alternating layers of composite and 
monolithic aluminum alloy, followed by a determination of 
fracture toughness and bend toughness.    Dramatic increases in 
the fracture related properties were obtained, with increases in 
toughness in excess of 200% depending on the orientation of 
the   laminates. 
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Introduction 

Metal-matrix composites have been developed in recent years to fulfill the need for materials with high specific 
strength and stiffness. Fiber reinforced composites provide the highest improvements in strength and stiffness 
in the reinforcement direction. Participate reinforced metal-matrix composites, on the other hand, provide 
more isotropic properties and can be formed using conventional metal deformation processes. 

The use of metal-matrix composites as structural materials depends to some extent on their degree of damage 
tolerance. The initiation fracture toughness of these composites have generally been evaluated using linear 
elastic (K/c) fracture parameters (1,2). However, recent studies (3) have shown that aluminum based metal 
matrix composites fracture by stable crack growth and the energy absorbed during crack propagation is a 
significant fraction of the total energy of fracture. In a 7091 aluminum composite crack initiation has been 
characterized by Jte and crack propagation by the tearing modulus (3). 

In the fracture toughness tests reported elsewhere (3), crack propagation was monitored optically using a 
travelling microscope fitted to a stage equipped with a LVDT. For this purpose, the external surfaces of the 
specimens were polished metallographically, and the details of crack propagation were studied in-situ with the 
use of a high power optical microscope (magnification 500 X) connected to a video recording system. In-situ 
measurements were similarly made on specimens designed to permit controlled propagation of a crack, as 
reported elsewhere (4). These observations (3,4) suggested that microcracking occurred ahead of the crack- 
tip, which could also contribute to energy absorption during fracture. Tensile specimens were tested in-situ 
in a scanning electron microscope equipped with a deformation stage to directly observe these phenomena. 

Experimental Procedures 

The material studied was a cast and extruded aluminum alloy based, particulate reinforced metal matrix 
composite. The matrix was a 6061 aluminum alloy and the reinforcement consisted of 15 % by volume of 
AliÖ3 particulate of average size 15 ^m. The composite was solution treated at 520°C for 4 hours and then 
artificially aged at 175°C for 100 hours to produce an overaged (OA) microstructure. 

• 
' Fracture toughness tests were conducted on fatigue precracked three point bend specimens in general ac- 

cordance with the applicable ASTM standard E-399 for evaluation of KJc- A schematic of the three point 
bend specimen is shown in Fig.   1.   In-situ deformation studies were conducted on tensile samples of type 

» shown in Fig. 2. This was accomplished using a JEOL 840 A Scanning Electron Microscope equipped with a 
deformation stage-. This deformation stage is capable of applying tensile or compressive loads to a maximum 
of 80 kgf on suitably designed specimens.  The unit allows in-situ SEM observation of a metallographically 

(polished surface of a specimen at various points in the load-displacement curve. Increasing tensile loads were 
applied to the specimen under displacement control until a crack was initiated in the gage section. Once the 
crack was initiated, the crack tip region was continuously monitored and the crack path studied. 

1801 
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Results and Discussion 

From the uniaxial tensile tests the following tensile properties were determined for the composite : yield 
strength - 285 MPa, ultimate tensile strength - 325 MPa and reduction in area - 16 %. A typical plot of the 
load-crack opening displacement curve during a fracture toughness test is shown in Fig. 3. It can be seen 
that the load increases continuously until a maximum is reached. The load for calculating K/c was arrived 
at using the procedure outlined in ASTM E-399. It can be seen that once the crack initiated at this load, 
stable crack growth ensued with a smooth drop in the load as displacement increased. Since the area under 
the load-discplacement curve is a measure of the energy of fracture, it is obvious that a significant amount 
of energy is absorbed during crack propagation. Research is currently underway to characterize the crack 
growth toughness using tearing modulus (5). It was observed in these tests and in other tests on similar 
composites (4) that microcracking occurred ahead of the crack tip as the crack progressed . In the present 
case these microcracks were primarily associated with cracks in the alumina particles. 

The in-situ SEM deformation studies also revealed the presence of microcracks both ahead of and near the 
crack tip region. Fig. 4 shows a low magnification view of the crack in the tensile specimen. Figs. 5-7 
illustrate three steps in the deformation process once the macroscopic crack has initiated. It can be seen in 
Fig. 5 that there are a number of microcracks (e.g. 'b', 'c') ahead of and near the crack tip (denoted 'a'). In 
Fig. 6 the crack propagation is shown to occur by a process whereby some of these microcracks ('b') join via 
matrix failure ahead of the original crack tip, concurrent with the initiation of additional microcracks ahead 
of the crack. Fig. 7 illustrates further crack growth by similar phenomena. These figures would suggest that 
a region of intense deformation exists ahead of the crack and in these composites corresponds to the region 
of microcracking. As the crack progresses, it is apparent that a region of plastically deformed material and 
associated microcracks remain in the wake of the crack as illustrated by Fig. 8 which shows a region near the 
fracture surface after the crack has passed through. 

The extent of the region of intense plastic flow and associated microcracing is consistent with earlier work 
on similar composites (4). Using a model developed originally by Rice and Johnson (6), Kamat et. al. (2) 
estimated the extent of the region of intense straining ahead of a crack tip from a knowledge of Klc and yield 
stress of a aluminum based particulate metal-matrix composite. They concluded that the extent of this region 
is comparable to the spacing between the reinforcements in their composites which exhibited stable crack 
propagation. The in-situ observations reported in this study shed additional light on the micromechanical 
events involved in the fracture process of the composites tested presently. In the present case, it is apparent 
that microcracking ahead of the crack tip occurs in a region considerably larger than the inter-particle spacing. 
However, the macrocrack seems to link up with the microcracks ahead of it when the distance between them 
is comparable to interparticle spacing, as illustrated in Fig. 6, compatible with the model. 
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Matrix effects on the ductility of aluminium-based composites 
deformed under hydrostatic pressure 

0. S. LIU. M. MANOHARAN. J. J. LEWANDOWSKI 
Department of Materials Science and Engineering, Case Western Reserve University. Cleveland. 
Ohio 44106. USA 

Metal matrix composites have received increased 
attention in recent years due to the need Tor high- 
strength materials in various structural applications. 
The addition of a fairly strong and brittle reinforce- 
ment to a metal serves to improve the strength and 
stiffness, but the ductility of the composite is typically 
lower than that of the unreinforced matrix [I, 2]. This 
is consistent with observations of reduced ductility 
accompanying increased volume fractions of rein- 
forcements or inclusions in ductile matrices [3]. 

The superimposition of compressive hydrostatic 
stresses provides increased ductility in these materials 
(4, 51, and approximates the stress state obtained in 
various material-forming applications. Furthermore, 
the relatively low ductiles of these composites com- 
plicates the detailed study of the damage events 
leading to catastrophic fracture. The enhancement 
of ductility provided by superimposing hydrostatic 
pressure during deformation provides an improved 
means of studying the fracture micromechanisms in 
these materials. 

There has been relatively little work on the effects 
of superimposed hydrostatic pressure on the defor- 
mation behaviour of composites. Recent work on 
aluminium alloy composites [4-6J and on Al-Ni com- 
posites [6] has revealed a significant effect of super- 
imposed hydrostatic pressure on the ductility of these 
materials. Previous studies have not, however, focused 
on the effects of the matrix alloy composition and 
ageing condition on the pressure-induced ductility 
response of these materials. 

Composites based on three different matrix com- 
positions were studied in this investigation. The first 
composite material studied was a powder metallurgy 
2XXX series aluminium alloy, designated MB-85, 
containing (in wt%) 3.5 copper, 1.5 magnesium, 0.4 
zirconium, 0.21 manganese, balance aluminium, rein- 
forced with l5vol% SiC paniculate (average size 
13 urn). Processing details are summarized elsewhere 
[I, 21. The second composite was a 6061 aluminium 
aifoy containing l5vol% Al,0, paniculate (average 
size 13 pm), and the third was a 7XXX series alu- 
minium alloy designated MB-78, containing (in wt %) 
7 zinc 2 magnesium, 2 copper, 0.14 zirconium, 
balance aluminium, reinforced with 15 vol % SiC par- 
(iculate (average size 13 pm). 

Heat treatments were designed to produce under- 
aged (UA) and overaged (OA) mkrostructures possess- 
ing equivalent values of yield strength and matrix 
microhardness for both the composite materials. Heat 
treatments for the 7XXX and 2XXX series composites 

200 

0 100        200        300 
Suparlmposad PTMSUT* (MPa) 

400 

Figure I Fracture strain plotted against superimposed hydrostatic 
pressure: (O. •) 2XXX UA and OA, (A, A) 6XXX UA and OA. and 
(a •) 7XXX UA and OA. respectively. 

are summarized in [1, 2, 4, 5J, and for the 6061 com- 
posite the heat treatment was as follows. Solution 
treatment was conducted at 5I0°C for 4h, followed 
by artificial ageing at 175°C for 2h for the UA con- 
dition, and at 175° C for 100 h for the OA condition. 

Tensile testing was conducted to failure at a con- 
stant-displacement rate of 0.2 mm min'1 on smooth 
cylindrical tensile specimens of gauge length 15.2 mm 
and diameter 3.8 mm at atmospheric pressure and 
under superimposed hydrostatic confining pressures 
of either 150 or 300 MPa. The pressures chosen for 
this study were selected to be less than or comparable 
with the flow stress of the monolithic matrix materials. 
Tensile testing at atmospheric pressure was conducted 
on an Instron Model 1125 universal testing machine, 
and those performed under superimposed hydrostatic 
compression were conducted in our high-pressure 
laboratory, as described in [4, 51. 

Fracture surfaces, the polished external specimen 
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fttwr 2 Redaction in area plotted against superimposed hydro- 
static pressure. (O. •) 2XXX UA and OA. (a. A) 6XXX UA and 
OA. and (O. •) 7XXX UA and OA. respectively. 
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Figure i Atmospheric pressure test revealing low-ductility fracture. 

surfaces and polished longitudinal sections were 
examined on a Jeol 35CF scanning electron micro- 
scope (SEM) operated at 25 kV. After SEM examin- 
ation of the failed specimens, the fracture strains and 
reduction in areas were measured using an optical 
comparator, where the broken halves of the specimens 
were fitted together to enable measurement of speci- 
men dimensions. A number of readings were taken 
along the circumference of the neck, and these were 
then averaged. 

The effects of superimposed hydrostatic pressure on 
the ductility as measured by fracture strain and reduc- 
tion in area are summarized in Figs 1 and 2. Fig. 1 
illustrates the change in ductility as a function of the 
superimposed hydrostatic pressure for the three 
composites with different matrix alloy compositions. 
Although the ductilities at atmospheric pressure are 
nearly equivalent for the cases tested, the ductility 
response to pressure tn the 2XXX and 7XXX series 
composites is lower than that in the 6061 composite 
for both of the ageing conditions studied. Further- 
more, although the response of the 2XXX composite 
is nearly identical for both of the ageing conditions, 
the OA material was observed to be more sensitive to 
superimposed hydrostatic pressure in the 6061 and 
7XXX composites. The reduction in area shows a 
dependence on pressure similar to that obtained in the 
measurements of the fracture strains for the com- 
posites tested. 

Representative macroscopic views showing speci- 
mens fractured both at atmospheric pressure and 
at 300 MPa superimposed hydrostatic pressure are 
shown in Figs 3 and 4. This illustrates the significant 
effect of pressure on ductility in these composites. 

The magnitude of ductility increase in response to 
superimposed hydrostatic pressure seems to be signifi- 

Figure 4 Test conducted at 300 MPa superimposed hydrostatic 
pressure exhibiting significant reduction in area. 

cantly affected by the ratio of the superimposed 
pressure to the flow stress of the matrix, as well as by 
the details of the matrix microstructure. To the 
authors' knowledge these effects have not previously 
been reported. Work is continuing to investigate the 
mechanism controlling the accumulation of damage in 
these materials [7]. 
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CRACK INITIATION AND GROWTH TOUGHNESS OF AN 
ALUMINUM METAL-MATRIX COMPOSITE 

M. MANOHARAN and J. J. LEWANDOVVSKI 
Department of Materials Science and Engineering, Case Western Reserve University, 

Cleveland, OH 44106, U.S.A. 

(Received 22 May 1989) 

Abstract—The effects of systematic changes in matrix microstructure on crack initiation and growth 
toughnesses were determined on an Al-Zn-Mg-Cu alloy containing 0, 15, 20% by volume of SiC 
particulates. Materials were heat treated to underaged (UA) and overaged (OA) conditions of equivalent 
matrix microhardness and flow stress. Although both the fracture initiation and growth toughnesses, as 
measured by /Ic and tearing modulus, were similar for the unreinforced materials in the UA and OA 
conditions, significant effects of microstructure on both Jlc and tearing modulus were observed in the 

.:- v.""' :•• composites. SEM and TEM observations of fracture paths in the two conditions are utilized to rationalize 
_-;• •.;";'• these observations in light of existing theories of ductile fracture propagation. 

Resume—L'effet de variations systematiques de la microstructure de la matrice sur la resistance a 
- l'initiation et ä la crotssance des fissures a ete determine dans un alliage Al-Zn-Mg-Cu contenant 0, 15 

ou 20% en volume de particules de SiC. Les materiaux ont subi des traitement thermiques pur atteindre 
des conditions de sous-vieillisement ou de survieillissement donnant des microduretes et des contraintes 
d'ecoulement Äquivalentes de la matrica. Bien que les resistances a l'initiation comme ä la croissance des 
fissures, telles qu'elles sont mesurees par /la et par le module de dechirement, soient semblables pour les 
materiaux non renforces dans les conditions de sur- et de sous-vieillissement, on observe, dans les 
composites, un effet marque de la microstruture ä la fois sur /!c et sur le module de dechirement. Les 
observations, en microscopie electronique a balayage ou en transmission, des chemins de rupture dans 
les deux cas permettent de rationliser ces observations ä la lumiere des theories actuelles de la propagation 
de la rupture ductile. 

Zusammenfassung—Die Einfluß systematischer Veränderungen in der MikroStruktur der Matrix auf 
Rißeginn und Wachstumszähigkeit wurde en einer Al-Zn-Mg-Cu-Legierung mit 0, 15 und 20vol.-% 
SiC-Teilchen untersucht. Die Proben wurden wärmebehandelt, um unter- und überalterte Bedingungen 
bei sonst gleichwertigen Werten der Mikrohärte und der Fließspannung der Matrix zu erhalten. Bei den 
nicht verstärkten Proben waren Bruchbeginn und Wachstumszähigkeit, gemessen mit Jk und Zer- 
reißmodul, für den unter- und überalteren Zustand ähnlich. In den anderen Proben wurde ein 
beträchtlicher Einfluß der Mikrostruktur auf Jlc und Zerreißmodul beobachtet. Beobachtungen im Raster- 
und im Durchstrahlungselektronenmikroskop zu den Bruchwegen in beiden Zuständen werden benutzt, 
um diese Befunde anhand bestehender Theorien der duktilen Rißausbreitung zu beschreiben. 

1. INTRODUCTION the annealed condition  [2],  relatively  few studies 
have focussed on the effects of matrix micro- 

,' The development of metal matrix composites has structure. Recent studies [3,4] have, however, 
been catalyzed by the need for structural materials indicated significant effects of matrix microstructure 
with high specific strength and stiffness. Reinforce- on the fracture micro-mechanisms in composites 
ments may be continuous in the form of fiber or based on Al-Zn-Mg-Cu matrices, 
discontinuous in the form of whiskers or particulates. The principal objectives of the current investi- 
While fiber reinforced composites offer the highest gation were to evaluate the effects of systematic 
specific stiffness along the reinforcement direction, changes in microstructure and reinforcement volume 
paniculate reinforced composites are more isotropic fraction on the fracture initiation and growth tough- 
in their properties and are also easier to process, via ness of a SiC paniculate reinforced aluminum alloy 
powder metallurgy or casting routes. based metal matrix composite. The age hardenable 

The mechanical properties of these composites are matrix permitted the evaluation of underaged and 
of primary importance in design considerations when overaged matrix microstructures of equivalent tensile 
these composites are used as structural materials, properties for both the unreinforced alloy and the 
Fracture properties of composites are essential in composite. It will be shown that while the fracture 
assessing the flaw tolerance of these structures. While initiation and growth toughnesses of the monolithic 
there has been some work in evaluating the effects material were only slightly affected by changes in 
of reinforcement size and volume fraction on the matrix microstructure, dramatically different fracture 
fracture properties of composites based on alu- initiation and growth toughnesses were obtained for 
minum matrices [1-3] and Al-Cu-Mg matrices in the two microstructures in the composite material. 
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These results are discussed in light of the effects of the 
local fracture micromechanisms on the macroscopic 
fracture toughness of these materials. 

2. EXPERIMENTAL 

The powder metallurgy matrix alloy composition 
used in this work, contains 7% Zn, 2% Cu, 2% Mg 
and 0.14% Zr, balance Al. Composites based on 
this matrix alloy and containing either 15 or 
20% by volume of F-6Ö0 grade (average size prior 
to blending = 13/im) SiC particulate were also 
obtained. Additional details of the processing of this 
material via powder metallurgy techniques can be 
found elsewhere [3,4]. The as-extruded materials 
were solution heat treated at 500°C/4h, cold water 
quenched, and artificially aged. The aging treatments 
were selected to provide equivalent matrix micro- 
hardnesses {H, = 140 with 30 g load) and 0.2% offset 
yield strengths in the composite for both the under- 
aged (UA) and overaged (OA) conditions. Aging to 
the underaged (UA) temper was conducted at 
120°C/20 min, while the overaged (OA) temper was 
produced by a double aging treatment: 120°C/24 h, 
followed by 170°C/36h. 

The tensile tests were conducted to failure at a 
constant displacement rate of 0.2 mm/min (i.e. strain 
rate = 1.3 x 10~4/s) on smooth cylindrical tensile 
specimens of gage length 25.4 mm and diameter 
6.25 mm using an Instron Model 1125 Universal 
Testing Machine. 

Fracture properties were evaluated in general 
accordance with the standard procedure for / testing, 
ASTM E-813-81 [5]. Two types of specimens were 
used in this study for evaluating the J-R curve. The 
unreinforced alloy was tested using a three point bend 
specimen, as shown in Fig. 1. The initial notch was 
2.5 mm deep and a fatigue precrack was started from 
this notch and grown in accordance with ASTM 
E-813-81. The crack length was continuously moni- 
tored using an electrical potential drop system. The 
calibration curve used to convert potential drop 
values to equivalent crack length values was based on 
previous work on similar specimens [6]. 

The composite was tested using a compact tension 
specimen geometry, as shown in Fig. 2. A precrack of 
nominal root radius 30 /im was introduced using a 
high speed wire saw. Our earlier work [7] had shown 

\* 50 mm •) 

/>~ 2.5 mm } 2.7 mm 

12.7 mm 

20 mm 

Fig. 2. Schematic of compact tension specimen. 

that fracture toughness results obtained using this 
notch root radius were equivalent to the results 
using a fatigue precrack. The crack was followed 
optically using a travelling microscope fitted to a 
stage equipped with a LVDT. For this purpose, one 
external surface of each specimen was polished 
metallographically, and the details of crack propa- 
gation were studied in situ with the use of a high 
power optical microscope connected to a video 
recording system. 

The testing for both the bend specimens and the 
compact tension specimens was carried out on a MTS 
servo-hydraulic test system operated under stroke 
control at a crosshead speed of 25/im/min. In 
the compact tension specimens, displacement was 
measured across the crack mouth using a clip-gage 
mounted between knife edges affixed to the front of 
the specimen. Load-line displacement for the three 
point bend specimens was measured taking into 
account machine compliance in accordance with the 
ASTM-E-813-81. The load, displacement and crack 
length data (from LVDT or potential drop) were 
continuously input and stored in a PDP-11 computer. 

J was calculated using the equation 

J-W{aJW) (1) 

where 

Fig. 1. Schematic of three point bend specimen. 

A = area under the load-displacement record 
B = specimen thickness 
b = initial uncracked ligament 
a0 = original   crack   size   including   fatigue 

precrack 
f(a<)/W) = a. geometry dependent constant,  from 

ASTM-E-813-81. 

The standard procedure for plane strain ./-integral 
estimation, ASTM E-813-81, was followed for the 
construction of the J resistance curve. This procedure 
involves the assumption that the blunting behavior 
followed the relation, J = 2<rrAa, where the flow 
stress o> was set equal to (oy + au)/2. The exclusion 
lines were then drawn at offsets of 0.15 and 1.5 mm, 
respectively, parallel to the blunting line. The points 
that lie within these exclusion lines represent valid 
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data points as they correspond to stable ductile crack 
extension. A computer program performed a linear 
regression analysis and fitted a straight line to these 
data points. The program then determined the exact 
point of intersection of this straight line with the 
blunting line and the value of ./at the intersection was 
taken as J^. 

Once JQC is determined, it can be verified whether 
conditions of plane strain are satisfied. ASTME-E- 
813-81 prescribes that plane strain conditions prevail 
and the valid Jl<: had been obtained if the following 
conditions are satisfied. 

B, b > 25/Jfff (2) 

where B is the net thickness, b is the uncracked 
ligament length and oy is the effective flow strength. 
All tests conducted in this study satisfied these criteria 
for valid / measurement. 

The crack initiation behavior of the material under 
these conditions is thus characterized by the values of 
Jlc. In addition to determining J]t. it was noted that 
in all the tests conducted presently, the J-R curve 
had a non-zero positive slope. The crack propagation 
behavior was characterized by the tearing modulus 
concept of Paris et al. [8]. The dimensionless value of 
tearing modulus is given by the expression 

E dJ 

crf da 
(3) 

where 

aV/da slope of the J resistance curve between Ac 

and A„c 

E = Young's modulus of the material 
trr = flow stress of the material in tension = 

K+O/2. 
As mentioned earlier, crack propagation in the 

composite was monitored in-situ. In addition, some 
of the tests were stopped at periodic increments of 
crack growth, were unloaded and the specimens 
transferred to a JEOL 35-CF scanning electron 
microscope. The unloading compliance was recorded 
as an additional measure of crack length while the 
crack path on the external surfaces was examined at 
high magnification. The fracture surfaces were also 
examined for all specimens using the SEM. 

3. RESULTS 

The tensile properties of both the unreinforced 
alloy and the composite are summarized in Table 1 
for both the aging conditions studied, while Fig. 3 
illustrates the TEM views of the microstructure of the 
UA and OA composites. The particular differences 
between the two conditions relates to the presence 
and type of aging particles at the SiC/matrix inter- 
faces, grain boundaries and the matrix. Precipitate 
free zones (PFZ) were additionally observed near the 
grain boundaries and also at the SiC/matrix inter- 
faces,  while high resolution STEM  analyses per- 

Table 1. Tensile properties of unreinforced and composite materials 

Ultimate tensile 
Yield stress strength Elongation 

Material (MPa) (MPa) (percent) 

UA-unreinforced 509 638 20 
UA—15% SiC 417 564 4.9 
UA-20% SiC 381 502 4.3 
OA-unreinforced 553 594 19 
OA-15% SiC 427 588 3.5 
OA-20% SiC 406 459 3.4 

formed an a VG HB501 FEG/STEM to analyze 
the local chemistry in these regions are summarized 
elsewhere [18]. Figures 4-6 illustrate the effect of 
reinforcement volume fraction on the yield stress, 
ultimate tensile strength and elongation, respectively. 
The reduction in ductility with the addition of 
a brittle reinforcement to a ductile matrix is well 
documented [9]. Humphreys [9] has similarly 
observed a decrease in yield stress and UTS for 
particulate reinforced composites whose matrices 
consisted of a high strength aluminum alloy, such 
as the 7XXX series materials used presently. How- 
ever, it should be noted that lower strength matrices 
often exhibit yield strengths in excess of that of 
the monolithic material [9]. As can clearly be seen 
from Figs 5 and 6, the uniaxial tensile properties are 
nearly the same for the UA and OA microstructures 
at a given reinforcement volume fraction. Further, 

Fig. 3. TEM micrographs of near interface regions in la) UA 
and (b) OA composites. 

• 
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Plot of yield stress as a function of vol.% SiC 
reinforcement. 
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Bi   6OO-3 
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Fig. 5. Plot of ultimate tensile strength as a function of 
vol.% SiC reinforcement. 
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Fig. 6. Plot of elongation as a function of vol.% SiC 
reinforcement. 

the matrix microhardness (//„ = 140, 30 g load) 
values were identical for the two aging conditions. 

Table 2 summarizes Jic and tearing modulus values 
for both the unreinforced material and the composite 
for both matrix aging conditions (i.e. UA and OA). 
Although the composite and the unreinforced 
material were not tested at identical thicknesses, since 
the conditions of valid J measurement as prescribed 
by ASTM-E-813-81 were satisfied, plane strain 
conditions are expected to prevail in both cases and 
the Jw values deemed comparable. It is shown that the 

7lc values were nearly identical for the unreinforced 
materials, and that the tearing modulus of the OA 
unreinforced material is slightly higher than that of 
the UA material. Despite the similar crack initiation 
behavior of the UA and OA unreinforced materials, 
Figs 7 and 8 illustrate the dramatically different 
J-resistance curves obtained for UA and OA micro- 
structures in the 15% SiC composite, while the effects 
of reinforcement volume fraction on Jlc values are 
shown in Fig. 9. It can be seen that while the UA 
material exhibits a nearly linear decrease in /,c as the 
volume fraction of SiC increases from 0 to 20%, the 
OA material shows a much more rapid and non- 
linear decrease over the same range of volume 
fractions. Further, the Jlc values for the OA 
composite are about 50% lower than those for the 
UA composite at the given volume fractions. The 

Table 2. Fracture properties of unreinforced and composite materials 

Material 
observed 
(kJ/m2) 

predicted 
(kJ/nr) 

Tearing 
modulus 

UA-unreinforced 
UA-15% SiC 
UA-20% SiC 
OA-unreinforced 
OA-15% SiC 
OA-20% SiC 

31.0 — 6.0 
16.3 14.6 1.83 
11.7 12.1 1.84 
31.5 — 7.2 

7.4 14.9 0.74 
5.5 12.9 0.79 

0 12 3 4 
A a (mm) 

Fig. 7. Plot of the J-Aa curve for the 15% SiC reinforced 
UA composite. Exclusion lines shown. Blunting line ob- 

scured by vertical axis. 

12 3 4 

A a (mm) 

Plot of the J-Aa curve for the 15% SiC reinforced 
OA composite. Exclusion lines shown. Blunting line ob- 

scured by vertical axis. 

Fig. 8. 
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Fig. 9. Plot of y,c vs reinforcement volume fraction. 

tearing modulus of the OA composite is also signifi- 
cantly lower than that of the UA composite, although 
these values appear to be independent of volume 
fraction in the range 15-20% reinforcement. 

Although the fractographic details were not signifi- 
cantly different for the unreinforced materials, frac- 
ture mechanisms operative in the composite exhibited 
a strong dependence on the matrix aging condition. 
In the UA composite, fracture occurs predominantly 
by the fracture of SiC particulates. Matching surface 
fractographs taken in the UA condition reveals frac- 
tured SiC particles at the base of dimples, surrounded 
by ductile failure of the matrix as shown in Fig. 10. 

Fig.   10.   Matching  fractographs for the UA composite. 
Fractured SiC particles observed on both surfaces. 

Fig.  II. Matching fractographs for the OA composite. 
Fracture near the SiC/matrix interface observed. 

The area fraction of cracked SiC particles present on 
the fracture surface, determined using a Zeiss video- 
plan analyzer equipped with statistical software, was 
approximately 18%. In contrast, the fracture surfaces 
of the OA composites revealed considerably less 
failure of the SiC, with a fracture surface coverage by 
SiC of 11%. Matching surface fractographs revealed 
failure predominantly in the matrix and near the 
SiC/matrix interfaces as shown in Fig. 11. The crack 
tip regions in specimens unloaded after increments 
of crack growth are shown in Fig. 12 for the UA 
and OA composites. Fracture of the SiC was again 
observed for the UA composites, with failure near the 
SiC/matrix interfaces in the OA composite. 

4. DISCUSSION 

4.1. Tensile properties 

The physical basis of the influence of paniculate 
reinforcements on the strength of metal matrix com- 
posites is not well understood. One of the approaches 
is the modified shear lag theory [10] which derives its 
basis from fiber reinforced composites. It essentially 
involves the concept of a load transfer from the 
matrix to the fiber via the fiber interface [9]. However, 
as pointed out by Humphreys [9], as the fibers 
become shorter, modifications have to be made for 
the factors governing the load transfer from matrix to 
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Fig.   12. Crack tip region in the (a) UA and (b) OA 
composites. Predominance of cracked particles in UA with 

failure near interfaces in OA. 

fiber. Other factors contributing to the strength of 
a composite include thermal mismatch and 
associated dislocations. These models would in 
general lead to an improvement of the yield 
stress with the addition of a particulate reinforce- 
ment. 

As observed by Humphreys [9], the addition of a 
brittle reinforcement in high strength aluminum 
alloys may even decrease the yield stress. Indeed in 
the present composite, this was found to be the case. 
One plausible explanation is that as composites with 
these high strength matrices are strained, the stresses 
on the reinforcement become large. Fracture can then 
occur in the reinforcement in the presence of a 
pre-existing flaw in the reinforcement, probably 
formed during earlier processing. Once the reinforce- 
ment fractures, the net load carrying capacity of the 
composite decreases and thus yield stress might de- 
crease. It is also possible that the mismatch between 
reinforcement and matrix leads to a large stress 
concentration near the reinforcement and the matrix 
in that region fails prematurely, while loss of alloying 
elements (e.g. Mg) during processing may also con- 
tribute to these observations. In lower strength ma- 
trices, the stresses reached locally might not be large 
enough for either of these effects to occur, leading to 
strength improvement through the processes outlined 
earlier. 

4.2. Fracture toughness 

The primary aim of this investigation was to 
study the effects of matrix aging condition and 
reinforcement volume fraction on the fracture 
behavior of these composites. The fracture toughness 
of precipitation or dispersion strengthed aluminum 
alloys has been well investigated [11, 12]. While it has 
often been observed that the fracture toughness of 
aluminum alloys in the OA condition is somewhat 
lower than that obtained in the UA condition, this is 
not always observed [13], and has been shown in 
powder metallurgy processed materials discussed 
elsewhere [3]. Hahn and Rosenfield [14] analyzed the 
toughness data obtained by a variety of investigators 
on a number of aluminum alloys. In accordance with 
the model proposed by Rice and Johnson [15], they 
assumed that crack extension would proceed when 
the extent of heavily deformed region ahead of the 
crack tip is comparable to the width of the unbroken 
ligaments separating cracked particles. Further, 
they showed that under these conditions, the stress 
intensity factor could be related to the volume 
fraction of reinforcement through the relation 

KlQ = [2aYE(n/6Y»Dr-A ll/2 f- 1/6 (4) 

where 

ATk = critical mode I stress intensity factor 
<rY = yield stress 
E = Young's modulus 
D — particle diameter 
fy = reinforcement volume fraction. 

For plane strain conditions, such an equation can 
be rewritten in terms of /lc as 

/1C = 2«TY(,I/6)"
3
£>(1-V

2
)/V-"

6 (5) 

where 

ylc = critical mode I J integral 
v = Poissons ratio. 

Hahn and Rosenfield found that a number of 
alloys satisfied this relationship within an error of 
30%. 

The fracture toughness of pure aluminum based > 
particulate reinforced metal-matrix composites has 
been studied by Flom and Arsenault [1] while the 
behavior of Al-Mg-Cu based composites in the 
annealed condition have been investigated by Kamat 
et al. [2]. Flom and Arsenault concluded that sub- 
micron oxide particles, inclusions etc. are responsible 
for the microvoid coalescence mechanisms of fracture 
in the SiC/Al composites they studied [1] and indi- 
cated that with the above assumption their results 
agreed with a model similar to that of Hahn and 
Rosenfield [14]. Kamat et al. [2] concluded that 
fracture is controlled by the development of a dislo- 
cation cell structure of a size comparable to interpar- 
ticle spacing and that fracture occurs by A1:03 

fracture. Their stress intensity values, at least for 
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small sizes of AUO, and lower volume fractions, were 
comparable with a Rice and Johnson [15] type model. 

In the present investigation, it was found that the 
critical J integral value is not only a function of 
reinforcement volume fraction but also is a strong 
function of matrix aging condition. Table 2 sum- 
marizes the observed y,c values as well as those 
calculated using equation (4) based on Hahn and 
Rosenfield's model. It can be seen that the magnitude 
of the predicted values are acceptable for the UA 
composite but are considerable overestimations for 
the OA composite. Thus, the local fracture micro- 
mechanisms appear to play an important role in 
determining macroscopic fracture properties. In this 
composite, fracture property predictions based solely 
on the basis of uniaxial properties might be an 
oversimplification. 

It should also be pointed out that the values of the 
J integral scale inversely with increases in volume 
fraction from 15-20%. It is thus possible that 
the fracture properties of these composites can be 
estimated using an energy based approach as a sum 
of the energy to fracture the matrix and the energy 
required to fracture the SiC or decohere the 
SiC/matrix interface. However, if one were to esti- 
mate the J,c values of the unreinforced material based 
on an extrapolation of the J^ values of the com- 
posites, a value of 30.1 kJ/m2 and 13.1 kJ/nr would 
be obtained for the UA and OA conditions respec- 
tively. While the extrapolated value for the UA 
unreinforced material is close to the observed value 
of 31.5 kJ/nr, the value for the OA material is much 
lower than the observed value of 32.0 kJ/nr. Further, 
it can be seen that the initiation J values are nearly 
the same for the unreinforced material for both aging 
conditions. This would also indicate that the rein- 
forcement/matrix interfaces in the OA materials 
provide lower energy sources for void initiation than 
they do in the UA material where SiC particle 
cracking predominates. 

The above observations on the differences in 
energy required to crack the SiC or fracture near the 
SiC/matrix interface can be related to the differences 
in the microstructures between the UA and OA 
conditions at or near the interface. Recent high 
resolution STEM results [18] indicate that the segre- 
gation and precipitation in the UA material is very 
different from that in the PFZ at the interface in the 
OA material. The precipitates and segregation appar- 
ently contribute to the lowering of the local fracture 
energy by either directly weakening the interfacial 
bonding or by leading to depletion of solute near the 
interface, thereby leading to a weaker region adjacent 
to the interface. A TEM foil taken from a region 
directly below or ahead of a propagating crack in an 
OA material is shown in Fig. 13. The voids formed 
near the interface are localized to the near interface 
region in the OA composites. 

The tearing modulus values seem to be relatively 
independent of the reinforcement volume fraction but 

Fig. 13. TEM foil taken below fracture surface showing void 
formation near SiC/interface in the OA composite. 

strongly dependent on matrix aging condition. The 
relative independence to volume fraction might be 
due to the small changes in volume fraction studied. 
As noted by Ritchie and Thompson [16], changes in 
microstructure can produce markedly different 
changes in crack initiation and growth character- 
istics. It should also be noted that the absolute value 
of dJ/da, the slope of the J-R. curve, decreases as 
the volume fraction of reinforcement is increased. 
However, the decrease in flow stress associated 
with an increase in reinforcement volume fraction 
in this composite compensates for this decrease 
in dJ/da and the normalized tearing moduli are 
equal. The tearing moduli are, however, strongly 
dependent on matrix aging condition. As with the 
initiation toughnesses, the tearing modulus of the OA 
composite is less than 50% of the UA composite. 
Once again, this observation indicates that the 
relative energies of local fracture mechanisms must be 
taken into account in any analysis of the macroscopic 
crack growth toughness. While the fracture initiation 
toughness in the monolithic alloy were not signifi- 
cantly affected by these changes in microstructure, 
both fracture initiation and growth toughnesses were 
significantly affected by these changes in microstruc- 
ture in these composites. Work is continuing using 
composites based on other aluminum alloy matrices 
to determine the generality of the observations and 
concepts reported presently [17]. 

5. CONCLUSIONS 

The effects of systematic changes in microstructure, 
at equivalent yield stress and matrix microhardness 
were determined for an unreinforced and a SiC 
paniculate reinforced Al-Zn-Mg-Cu aluminum 
alloy. The unreinforced alloy exhibited no measur- 
able effect of aging condition on fracture initiation 
toughness and only a marginal effect on crack growth 

AMM 3813—H 
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toughness. However, significant differences in both 
the fracture initiation and growth toughnesses 
were obtained for the composite when tested under 
similar conditions. The following summarizes our 
findings: 

1. While UA and OA composites exhibited similar 
tensile properties at identical volume fractions, the 
fracture initiation toughness (as measured by Jlc) of 
the UA composite was about twice that of the OA 
composite. 

2. The UA composite exhibited a linear decrease in 
Jlc as the volume fraction of SiC was increased from 
0-20% while the OA composite exhibited a more 
rapid decrease in Jlc over the same range of volume 
fractions. 

3. The crack growth toughness (as measured by 
the tearing modulus) of the UA composite was 
also about twice that measured for the OA 
composite. 

4. Associated with this decrease in the crack in- 
itiation and growth toughnesses in going from a UA 
to a OA microstructure was a transition in the local 
fracture mode from SiC fracture (UA) to failure near 
the SiC/matrix interface (OA). 
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Laminated composites with improved bend ductility and toughness 

L. YOST ELLIS, J. J. LEWANDOWSKI 
Department of Materials Science and Engineering, Case Western Reserve University, Cleveland, OH 44106, 
USA 

Metal-matrix composites are being considered for a 
range of structural and non-structrual applications 
because of their high specific stiffness and strength 
[1], in addition to the possibility of a reduced 
coefficient of thermal expansion. Despite these 
advantageous properties, reduced ductility and 
lower energy-absorbing capabilities [2,3] are often 
obtained in many metal-based composites in com- 
parison with the monolithic materials. Recent re- 
views have presented the effects of various micro- 
structural features on the fracture of paniculate- 
reinforced metal-matrix composites [1-7]. How- 
ever, a potential way of increasing the energy-ab- 
sorbing capabilites of such materials is to incorpor- 
ate one or more ductile layers into the composite 
piece, as has been demonstrated elsewhere with 
metal-matrix composites [3,8] and in the ductile 
phase toughening of brittle matrix materials [9,10]. 

In this study laminated specimens were fabricated 
via co-extrusion to investigate the effects of a 
laminated structure on smooth bend properties. The 
composite material utilized was a 2xxx series 
(wt %:3.5 Cu, 1.5 Mg, 0.4 Zr, 0.21 Mn, balance Al) 
aluminium matrix, designated MB-8S, reinforced 
with 15 vol % SiC particuiates (average size 13 mm) 
and the ductile layer was nominally a 6061 alumi- 
nium. The composite and aluminium layers were 
bonded via co-extrusion at 370 °C. Bend bars 
measuring 10 mm in total width and with the 
thickness of the aluminium layer ranging from 0 to 
4 mm were subsequently machined as shown in 
Fig. 1. Testing was conducted on the specimens in 
the "O" temper under displacement control with a 
crosshead speed of 0.5 mm min"1 on an Instron 1125 
universal testing machine. The laminated specimens 
were tested such that the ductile layer was loaded in 
tension. The load, total displacement (load point) 
and area under the curve were recorded. 

The laminated specimens exhibited an increase in 
the bend ductility over the 100% composite speci- 
mens, and the appearance of the load-displacement 

10, mm 

65 mm 

Figure I Schematic of the bend specimen. (| 
(D) composite. 0 < a < 4 mm. 

Aluminium and 

traces obtained were dependent on the thickness of 
the aluminium layer. Fig. 2 presents the load- 
displacement traces for a 100% composite specimen 
and that for a laminated specimen containing a 
0.8 mm layer of aluminium tested in four-point 
bending. The y-axis plots the normalized load, 
which represents the applied load divided by the 
depth of the specimen. Although both specimens 
failed catastrophically upon reaching some max- 
imum load, the total load point displacement for the 
laminate is twice that of the 100% composite bar, 
indicating that a thin layer of ductile material on the 
tensile surface can significantly increase the bend 
ductility. Furthermore, as the maximum load at- 
tained in the laminate slightly exceeds that of the 
100% composite specimen, it is clear that the total 
energy absorbed (i.e. the area under the curve) is 
greater for the laminate. 

Increasing the thickness of the aluminium layer to 
1.5 mm and testing in three-point bending produces 
the load-displacement trace shown in Fig. 3. Fig. 3 
shows that the load drop at point A is followed by an 
increase in load to point B, where a large drop 
occurs to point C, followed by a continuously 
dropping load with increased displacement. Exami- 
nation of a similar specimen unloaded at an earlier 
stage in the load-displacement trace illustrates the 
"source" of the load drop at point A, as shown in 
Fig. 4. A non-catastrophic cracking initiated in the 
composite near the interface between the composite 
and monolithic layers, thereby producing the first 
load drop. As the load increased to point B, the 
crack grew in a stable manner away from the 
interface and extended in the composite layer. The 

3000 

E 

I  2000 

=   1000 
E 
w 
i 

0 12 3 

Load point 4 isptacvmmt (mm) 

Figure 2 Load-load point displacement trace for ( ) laminate 
with a 0.8 mm layer of aluminium and ( ) a 100% composite 
specimen. 
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Figure 4 Side view of bend bar illustrating the aluminium-com- 
posite interface after unloading A crack has initiated in the 
composite near the aluminium-composite interface. Deformation 
within the aluminium (airo»». near the crack tip. is apparent. 

aluminium layer was completely intact during this 
stable cracking although intense local deformation 
was observed in the aluminium layer, shortly after 
the crack initiation, as indicated in Fig. 4. However, 
the aluminium layer began to neck as the crack in 
the composite advanced, between points A and B. 
The aluminium failed catastrophically at point B. 
resulting in the large load drop from B to C. Stable 
crack propagation continued to occur in the compo- 
site layer from point C onward. Fig. 5 shows a 
specimen unloaded at point D and illustrates the 
extreme deformation and necking in the aluminium 
layer. 

Consitent with the above description, the fracture 
surface of the failed laminate specimens shows a 

462 

Figures Laminate containing 1.5 mm thick layer of aluminium 
unloading at point D in Fig 3. Significant necking of the 
aluminium layer is evident. 

region of intense shear at the interface between the 
composite and monolithic layer (Fig. 6). The region 
of intense shear lies predominantly within the 
aluminium layer. Dimpled fracture is observed in 
each of the layers of the laminate. 

In conclusion, the present results illustrate the 
benefits to the bend ductility obtained by the 
addition of a ductile layer to the tensile surface of 
paniculate-reinforced metal-matrix composites 
tested in bending. This is accomplished without 
significantly decreasing the load-carrying capacity of 
the bar, thereby increasing the energy-absorbing 
capacity. Laminated specimens may also be de- 
signed such that the crack will propagate in a stable 
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Figure 6 Scanning electron microscopic view of laminate taken at 
the aluminium-composite interface. A region of shear deforma- 
tion (S) lies in the aluminium between the fracture surfaces of the 
composite (C) and aluminium (A) layers. 



manner, thereby avoiding catastrophic failure, as 
shown elsewhere [7,8,11]. Continuing work will 
focus on the effects of changes in the laminate 
structure, thickness and heat treatment on the 
resultant properties. 
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Introduction 
Metal-matrix composites are emerging aa an important class of materials in the continuing quest for improved 
strength, stiffness and other desirable properties. Reinforcing a ductile, tough metal with a strong ceramic is 
one method of achieving such an improvement in properties. Discontinuous reinforcements such as participates 
or whiskers tend to produce composites with a greater degree of isotropy in properties compared to continuous 
fiber reinforcements. Further, if the metallic matrix is age hardenable, suitable heat treatments can be devised 
to optimize properties (1,2). The flaw tolerance of metal-matrix composites is important when these materials 
are to be used as structural components. 

The effects of reinforcement size and volume fraction on the fracture properties of composites based on various 
aluminum alloys (1-9) have been investigated. Most of these investigations have focussed on the fracture 
initiation properties of these composites while a few (7-9) have also studied the crack growth toughness . 
It has generally been found that the brittle reinforcement tends to decrease both the initiation and growth 
toughnesses, although the effect of reinforcement on decreasing the growth toughness seems to be more 
pronounced (8,9). One of the ways of improving the toughness would be to manufacture laminated composites 
incorporating either one or more ductile/tough layers which would retard the process of crack growth. These 
layers could be formed by various processes and can consist of the same matrix alloy or other aluminum 
alloys. Such layered composites were used by Lewandowski et. ai. (1,10) to study the crack propagation 
in an aluminum composite. They found that the retarding effect of the ductile backing layer was sufficient 
to allow the in-situ monitoring of the mkromechanical events of fracture. The present investigation uses a 
similar design to quantitatively evaluate the enhancement in initiation and growth toughness in an aluminum 
composite reinforced with paniculate SiC and represents part of our continuing work on increasing the 
toughness of metal-matrix composites (11). 

Experimental Procedures 

The composite studied in the present investigation was a powder metallurgy 2XXX series alloy, designated 
MB-85 containing in wt. % : 3.5 Cu, 1.5 Mg, 0.4 Zr, 0.21 Mn, Bai Al reinforced with 15 volume percent 
silicon carbide particulate (average size 13 u m). Heat treatments consisted of a solution treatment at 495°C/4 
hours, followed by a cold water quench and artificial aging at 190°C/3 hours to produce a composite in the 
underaged condition. The backing material used in the laminated specimen, described in the next paragraph, 
was nominally a 6061 aluminum alloy. 

The initiation and growth toughnesses of the composite and the monolithic 6061 alloy were tested using a 
compact tension specimen geometry, as shown in Fig. 1. The effect of the ductile backing on retarding crack 
propagation was studied using the laminated design shown in Fig. 2 (2,10). The proportion of the 6091 alloy 
thickness in the laminated specimen was about 2S%. All of the compact tension specimens had identical crack 
lengths and a/W ratios to ensure similitude. 

Fracture- properties were evaluated in general accordance with the standard procedure- for J testing, ASTM 
E-613-61 (12). A precrack of nominal root radius 30 ma was introduced using an electron discharge machining 
profess Our earlier work (13) had shown that plane strain fracture toughness results obtained using this 
notch root radius were equivalent to the results using a fatigue precrack for a similar composite. The crack 
was followed optically using a travelling microscope fitted to a stage equipped with a LVDT. For this purpose, 
the external surfaces of the specimens were polished metallographkally, and the details of crack propagation 
were studied in-situ with the use of a high power optical microscope connected to a video recording system. 
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The fractur« toughness testing was carried oat on a MTS servo-hydraulic teat system operated under stroke 
control at a croaahead speed of 25 p m/minute. Displacement was measured across the crack mouth using a 
clip-gage. The load, displacement and crack length data were continuously input and stored in a computer. 

J was calculated using the equation, 

J =» ji/Mw) (i) 
where, 

A = area under the load-displacement record. 

B = specimen thickness. 

b = initial uncracked ligament 

«o — original crack size including fatigue precrack. 

ffa/W) a a geometry dependent constant, from ASTM-E-81 Ml. 

The standard procedure for plane strain J - Integral estimation, ASTM £-813-61, was followed for the con- 
struction of the J resistance curve. This procedure involves the assumption that the blunting behavior followed 

• the relation, J » 2a/Aa, where the flow stress <jf was set equal to («*, + <r.)/2. The exclusion lines were 
then drawn at onsets of 0.15 mm and 1.5 mm, respectively, parallel to the blunting line. The points that tie 
within these exclusion lines represent valid data points as they correspond to stable ductile crack extension. 
A computer program performed a linear regression analysis and fitted a straight line to these data, points. 
The program then determined the exact point of intersection of this straight line with the blunting line and 
the value of J at the intersection was taken as JQC. 

Once Jq, is determined, it can be verified whether conditions of plane strain are satisfied. ASTM-E-813-81 
prescribes that plane strain conditions prevail and a valid J/e has been obtained if the following conditions 
are satisfied, 

B,b>KJul<ff (2) 
where B is the net thickness, b is the uncracked ligament length and Of is the effective flow strength. All 
tests conducted in this study satisfied these criteria for valid J measurement. 

Tfie crack initiation behavior of the material under these conditions is thus characterised by the values of 
V/«-ln addition to determining •//, it was noted that in all the tests conducted presently, the J-R curve had 
a. non-sero positive slope. The crack propagation behavior was characterised by the tearing modulus concept 
of Paris et al (9). The dimensionless value of tearing modulus is given by the expression, 

"ft 
where 

dJ/da = Slope of the J resistance curve between A« and Atm 

E =* Young's modulus of the material 

<xr a Flow stress of the material in tension s (<rr 4- <r„ )/2 
i 

A* mentioned earlier, crack propagation in the composite was monitored in-eitu. The fracture surfaces were X 
: atso>«xsmined for all specimens using the SEM. T 
•'.. • . J 

i:wi\ij:- ftsjmjtg and PiiCTiMwa : 
Fig» J and 4 summarise the J-R curves for both the composite and the laminated specimens. The //, •aloe 
of the- 'pore' composite is 8 kj/m* while that of the- laminated composite is 9 kJ/trf. It can be seen that ; 
theerack, initiation toughness of the composite is enhanced by about 10% by the addition of a realtivery thin -~ 

,', ductile layer: It should be noted that the 6061 backing material used in this case has only a moderate fracture-    —- 
. toughness (J,r » nkJfm*), as obtained in thicker specimens- tested elsewhere (15). Using backing material 
-with, higher fracture toughness should enhance the nutation value even farther (11). 
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The growth toughness of the composite, is measured by the slope of the J-R line or by the tearing modulus, 
is dramatically enhanced by the addition of this thin backing layer. The enhancement in the tearing modulus 
exceeds 250%, increasing from about 0.9 for the 'pure' composite to about 2.5 for the laminate. The tearing 
modulus was calculated using composite values for £ and Of in both cases, while the crack length was measured 
on the composite face o( the layered specimen, farthest away from the ductile backing. Thus the crack length 
is conservatively measured in this experiment and the net enhancement in overall crack growth should be 
even greater. This ability to improve the crack growth toughness by a large amount is important when 
these materials are to be used in structures where the growth of a flaw, once initiated, has to be controlled. 
This enhancement in the crack growth toughness is achieved because more energy is required to initiate and 
propagate a crack in the 6061 backing in comparision to the composite as originally proposed (1,10). Thus 
one can take advantage of the enhancement in stiffness and strength offered by the incorporation of a very 
strong reinforcement without overly sacrificing the flaw tolerant nature of aluminum alloys. Additional work 
is focussing on the effects of different backing materials- in an attempt to produce additional increases in both 
initiation and growth toughne 
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Effect of reinforcement size and matrix microstructure on the fracture 
properties of an aluminum metal matrix composite 

M. Manoharan and J. J. Lewandowski 
Department of Materials Science and Engineering, Case Western Reserve University, Cleveland, OH 44106 (USA) 
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Abstract 

The effects of systematic changes in reinforcement size and matrix microstructure on the crack initiation and growth 
toughness of a 7091 aluminum alloy reinforced with SiC particulates were studied. It is shown that changes in matrix 
microstructure have a significant effect on both initiation and growth toughness. The effect of reinforcement size on these 
properties is far less marked. These observations have been related to local microstrucrural parameters and the nature of 
the distribution of the reinforcement. 

1. Introduction 

Metal-matrix composites are emerging as an impor- 
tant class of materials in the continuing quest for 
improved strength, stiffness and other desirable prop- 
erties. Reinforcing a ductile, tough metal with a 
strong ceramic is one method of achieving such an 
improvement in properties. Discontinuous reinforce- 
ments such as particulates or whiskers tend to produce 
composites with a greater degree of isotropy in prop- 
erties compared with continuous fiber reinforcements. 
The size of the reinforcement and its volume fraction 
are important variables determining the properties of 
composites. Further, if the metallic matrix is age 
hardenable, suitable heat treatments can be devised to 
optimize properties. 

Evaluation of the fracture properties of composites 
is essential in assessing the flaw tolerance of these 
materials. While there has been some work in evaluat- 
ing the effects of reinforcement size and volume frac- 
tion on the fracture properties of composites based on 
aluminum [ 1 j and various aluminum alloys [2-5] recent 
studies [2-4] have indicated significant effects of matrix 
microstructure on the fracture micro-mechanisms in 
composites based on AI-Zn-Mg-Cu matrices. 

The principal objectives of the current investigation 
were to evaluate the effects of systematic changes in 
matrix microstructure and reinforcement size as well as 
volume fraction on the fracture initiation and growth 
toughness of a SiC particuiate-reinforced aluminum 
alloy-based metal matrix composite. The age-harden- 
able matrix permitted the evaluation of underaged and 

overaged matrix microstructures of equivalent tensile 
properties for both the unreinforced alloy and the com- 
posite. It will be shown that the fracture initiation 
toughnesses in these composites are primarily con- 
trolled by changes in the matrix microstructure and yet 
they are relatively unaffected by reinforcement size 
over the range studied. These results are discussed in 
light of previous work [2-8) and the effects of the local 
fracture micromechanisms on the macroscopic fracture 
toughness of these materials. 

2. Experimental procedures 

The powder metallurgy matrix alloy composition 
used in this work, contains 7% Zn, 2% Cu, 2% Mg and 
0.14% Zr, balance Al. Composites based on this matrix 
alloy and containing either 15% or 20% by volume of 
two sizes of reinforcement were studied. The first was 
F-600 grade (average size prior to blending = 13 /urn) 
SiC paniculate while the second was F-1000 grade 
(average size prior to blending = 5 pm) SiC paniculate. 
The aim of designating these sizes was not to rigidly fix 
the paniculate sizes but as a relative measure. Indeed, 
there is a size distribution for these reinforcements. 
However, as shown later in the fractographs, these rela- 
tive sizes do roughly correspond to the dimple sizes. 
Additional details of the processing of this material via 
powder metallurgy techniques can be found elsewhere 
[2. 3). The as-extruded materials were solution heat 
treated at 500 "C for 4 h, cold water quenched and 
artificially aged. The aging treatments were selected to 

0921-5093/92/55.00 © 1992—Elsevier Sequoia. All rights reserved 
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proudt equivalent matrix microhardncA and 0.2°/c 
offset yield strengihs in the composite1- for both the 
underaped (UA) and overaged (OA) conditions Aging 
to the UA temper was. conducted at 120 'C for 20 min. 
while the OA temper was produced b> a double aging 
treatment 120*C for 24 h, followed by 170*C for 
36 h Microstru crural details produced via these heat 
treatments are summarized elsewhere [2, 3,8) 

Tensile tests were conducted to failure at a constant 
displacement rate of 0.2 mm min"1 [i.e. strain rate, 
1.3 x 10"4 $"') on smooth cylindrical tensile speci- 
mens of gage length 25.4 mm and diameter 6.25 mm 
using an Instron model 1125 universal testing machine 
and strain gages affixed to the specimen surfaces. A 
special concentric loading fixture was utilized to mini- 
mize bending moments in the tension specimens. 

Fracture properties were evaluated in general 
accordance with the standard procedure for J testing. 
ASTM E-813-81 (9). The testing of the unreinforced 
material has been summarized elsewhere [2, 6J. The 
composite was tested using a compact tension speci- 
men geometry, as shown in Fig 1. A precrack of nomi- 
nal root radius 30 pm was introduced using a high 
speed wire saw. Our earlier work [10] had shown that 
plane strain fracture toughness results obtained using 
this notch root radius were equivalent to the results 
using a fatigue precrack. The crack was followed opti- 
cally using a travelling microscope fitted to a stage 
equipped with a linear variable displacement trans- 
ducer (LVDT). For this purpose, the external surfaces 
of the specimens were polished metallographicalry, and 
the details of crack propagation were studied in situ 
with the use of a high power optical microscope con- 
nected to a video recording system. It should be noted 
that both aging conditions as well as reinforcement 
conditions were tested using specimens with identical 
dimensions and initial crack lengths Since the com- 
parisons in this study are on a relative basis, the accur- 
acy is improved Further, a toughness database for this 
material has been established using short-rod tough- 
ness specimens (2, 3], precracked three-point bend 

specimen!» (4, 7] and compact tension specimens |6] 
This stud\ extends this database for the variables of 
interest (J t reinforcement size and matrix aging condi- 
tion) and duplicate specimens were tested for each 
case 

The fracture toughness testing was carried out on an 
mechanical testing systems (MTS) servohydraulic-test 
system operated under stroke control at a cross-head 
speed of 25 ^m min"1. Displacement was measured 
across the crack mouth using a clip gage mounted 
between knife edges affixed to the front of the speci- 
men. The load, displacement and crack length data 
were continuously input and stored in a FOP-11 
computer. 

J was calculated using the equation 

J-Tbf^m (i) 

where A is the area under the load-displacement 
record, B is the specimen thickness, b is the initial 
uncracked ligament, aD is the original crack size includ- 
ing fatigue precrack, and /(a0/W) is a geometry- 
dependent constant from ASTM-E-813-81. 

The standard procedure for plane strain J integral 
estimation (ASTM E-813-81) was followed for the 
construction of the J resistance curve. This procedure 
involves the assumption that the blunting behavior 
followed the relation 7- 2o,Afl, where the flow stress 
Of was set equal to [ay + o,)/2. The exclusion ones were 
then drawn at offsets of 0.15 mm and 1.5 mm respec- 
tively, parallel to the blunting line. The points that lie 
within these exclusion lines represent valid data points 
as they correspond to stable ductile crack extensioa A 
computer program performed a linear regression 
analysis and fined a straight line to these data points. 
The program then determined the exact point of inter- 
section of this straight line with the blunting line and 
the value of J at the intersection was taken as J^ 

Once JQC is determined, it can be verified whether 
conditions of plane strain are satisfied. ASTM E-813- 
81 prescribes that plane strain conditions prevail and a 
valid Jk has been obtained if the following conditions 
are satisfied: 

B,b> 25 JJo, (2) 

where B is the net thickness, b is the uncracked liga- 
ment length and o( is the effective flow strength. AD 
tests conducted in this study satisfied these criteria for 

The crack initiation behavior of the 
these conditions is thus dutrarterged by the values of 
J^ 1B addition to dciei mining /k k was noted that, in 
efl the tests conducted here, the /-Ä curve hod a oon* 
ssro positive slope. The crack propagation behavior 
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was characterized by the tearing modulus concept of 
Paris et al. [11]. The dimensionless value of tearing 
modulus is given by the expression 

T— 
_£ dJ_ 
a,' da 

(3) 

where d J/d a is the slope of the / resistance curve 
between Ac and A„c, E is Young's modulus of the 
material, and af is the flow stress of the material in 
tension [ot = (oy + CTU)/2). 

As mentioned earlier, crack propagation in the com- 
posite was monitored in situ. In addition, some of the 
tests were stopped at periodic increments of crack 
growth, were unloaded and the specimens transferred 
to a JEOL 35-CF scanning electron microscope. The 
unloading compliance was recorded as an additional 
measure of crack length while the crack path on the 
external surfaces were examined at high magnification. 
The fracture surfaces were also examined for all speci- 
mens using the scanning electron microscope. 

3. Results 

Table 1 summarizes tensile test data for the unrein- 
forced and 20 vol.% reinforced material for the as- 
solution-treated, UA and OA materials. Figure 2 
shows true stress-true plastic strain curves in the low 
strain regime for the 20 vol.% composite for both aging 
conditions. It can be seen that the yield strength is 
nearly identical for both the aging conditions and 
reinforcement sizes. However, the composite reinforced 
with 5 ßtn SiC seems to have a somewhat higher work 
hardening rate as discussed elsewhere [12]. 

Table 2 summarizes Jlc and tearing modulus values 
for both the unreinforced material and the composite 
for both matrix aging conditions (i.e. UA and OA) 
while Figs. 3 and 4 show the J-R curves obtained for 
UA and OA composite materials reinforced with both 

TABLE 1. Tensile properties of unreinforced and composite 
materials 

Material Yield   Ultimate Elongation Reduction 
stress   tensile     (%) in area 
(MPa) strength (%) 

(MPa) 

ST, unreinforced 
ST, 13 ium. 20% SiC 
UA. unreinforced 
UA. 5 i*m. 20% SiC 
UA, 13 urn. 20% SiC 
OA, unreinforced 
OA. 5 i<m. 20% SiC 
OA. 13^m,20%SiC 

150 300 16 — 
210 375 12 — 
509 638 20 21 
379 496 5 8 
381 502 4 8 
553 594 19 38 
418 473 3 7 
406 459 3 7 

a a. 
2 

</> 

600 

300 

2   «oo 

300 

 20% 13 nmSCUA 
 20%. 13 RmSICQA 
-- 20V S   nmSCUA 
—• 20%, S   iimSiCOA 

0.0 0.5 1.0 1.5 

True Plastic Strain (%) 

2.0 

Fig. 2. True stress-true plastic strain curves: •••. 20% 13 pm SiC 
UA; , 20% 13 urn SiC OA; , 20% 5 ^m SiC UA; —, 
20%5^mSiCOA. 

TABLE 2. Fracture properties of unreinforced and composite 
materials 

Material 

UA, unreinforced 
UA,5jum, 15% SiC 
UA. I3,um, 15% SiC 
UA,5/*m,20%SiC 
UA, 13/<m.20%SiC 
OA, unreinforced 
OA, 5 urn, 15% SiC 
OA, 13|<m, 15% SiC 
OA,5|<m.20%SiC 
OA, 13/<m, 20% SiC 

Ac Ö X Tearing 
(kJm-:) (pm) (urn) modulus 

31     6.0 
15 40 10 1.0 
16 39 26 2.0 
11 29 9 1 
11 30 23 2.0 
31.5 — — 7.0 
5.5 12 10 0.1 
7.4 15 26 1.0 
4.1 9 9 0.1 ' 
5.5 13 23 1.0 

C4 

E 

30 

20 

10 

•   UA 
o  OA 

0.0 
'»' I • • I •  I • 

0.5 1.0 
4- 
1.5 

a a (mm) 
2.0 2.5 3.0 

Fig. 3. Plot of the J- A a curve for the composite reinforced with 
20 vol.% 13 urn SiC: •. UA; o, OA. The blunting line and exclu- 
sion lines are shown. 
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os- 

io- 

• u» 
• 0* 

< 

0 .0 0»             1.0      •     1. •           1.0            IS           * 

SB (mm) 

Fig. 4. Plot of the J-Ae curve for the composite reinforced with 
20 vol.% 5 fim SiC: », UA. o, OA. The blunong line and exclu- 
sion lines are shown. 

e 

to        ts 

•Wlnlorcomont Volum* Percent 

*o 

Til 5. Plot of Ju w reinforcement per cent for the composite 
reinforced with 13 jim SiC: e, UA; o, OA. 

5 and 13 urn SiC. It is shown that •> 1C values were 
nearly idenoca) for the unreinforced materials, and that 
the tearing modulus of the OA unreinforced material is 
slightly higher than that of the UA material. In general, 
for a given condition, the average spread in the values 
is less than 5%. 

Figures S and 6 show the effects of aging condition 
and reinforcement volume fraction on the initiation 
toughnesses for the S pirn and 13 pm SiC reinforce- 
ments respectively. It can be seen for the materials 
reinforced with both the 5 and 13 (tm SiC that, while 
the UA material exhibits a nearly linear decrease m Jk 
as the volume fraction of SiC increases from zero to 
20%, the OA material shows a much more rapid and 
non-lirear decrease over the same range of volume 
fractions. Further, the Jk values for the OA composite 
are about 50% lower than those for the UA composite 
at the given volume fractions. It can clearly be seen that 
the effect of aging condition is much greater than the 
ef ect of reinforcement size in determining the fracture 
toughnesses of these composites in the range of particle 
sizes and volume fractions studied. 

The tearing modulus of the OA composite is also 
significantly lower than that of the UA composite, 
although these values appear to be independent of 
volume fraction in the range 15-20 voL% ranforce- 
sneot, for a given reinforcement wttc The composite 
reinforced with 5 ptn SiC exhibited lower fracture 
giuwin eowgnncss man tue composite icuiimuco won 
13 jon SiC far a given aging conation. 

Although the fractoftaphic details were not i 
canny mneient SOT nie unreuBorcco i 

operative in the composite eanmsted a 

10 If so is 

Bolntorcomont Velum« Percent 
30 

Fig 6. Plot of yk « reinforcement volume per cent for the com- 
posite reinforced with 5 ftm SiC: •, UA, o, OA. 

strong dependence on the matrix aging condition In 
general, the fracture surface essentially consisted of a 
bimodal distribution of dimples with the larger dimples 
associated with the SiC particles and the smaller 
dimples associated with the ductile fracture of the ahoy. 
Figure 7 illustrates fracture surfaces of the 13 and 5 
/nn UA composites. In the UA composite icinforced 
with 13 JOB SiC, niching surface fractography 
showed mat the fracture surfaces ailiMicd fractured 
SiC particles as shown elsewhere ft 3). la the OA 
composite reonoccBO wun u /m atv a smmv analysis 
found less fractured SIC particles, whh frflure pre- 
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Fig. 7. SEM fractographs showing fracture surfaces of the L'A 
13 /um and UA 5 /<m matenals. 

dominantly in the matrix and near the SiC-matrix 
interfaces. The details of these fractographic observa- 
tions are summarized elsewhere [2-4]. In the case of 
the composite reinforced with 5 um SiC such a statisti- 
cal analysis is complicated by the smaller size of the 
particles and the associated dimples. However, qualita- 
tive observations coupled with the trends in the frac- 
ture toughness results seem to indicate similar 
differences in micromechanisms between UA and OA 
composites. A more complete analysis of the effects of 
paniculate size and matrix microstructure on damage 
evolution in these materials is summarized elsewhere 
[13]. 

4. Discussion 

4.1. Tensile properties 
A number of approaches have been taken in the 

literature to model the strength of metal matrix com- 
posites. One of the approaches is the modified shear 
lag theory 141 which derives its basis from fiber- 
reinforced composites. It essentially involves the con- 

cept of a load transfer from the matrix to the fiber via 
the fiber interface [15]. However, as pointed out by 
Humphreys [15], as the fibers become shorter, modifi- 
:ations have to be made for the factors governing the 
load transfer from matrix to fiber. 

Humphreys [15] has indicated that the addition of a 
brittle reinforcement in high strength aluminum alloys 
may even decrease the yield stress. Indeed in the 
present composite, this was found to be the case. One 
plausible explanation is that, as composites with these 
high strength matrices are strained, the stresses on the 
reinforcement become large. Fracture can then occur 
in the reinforcement in the presence of a pre-existing 
flaw in the reinforcement, probably formed during 
earlier processing. Once the reinforcement fractures, 
the net load-carrying capacity of the composite 
decreases and thus yield stress might decrease. Recent 
experimental work on sequentially strained specimens 
has indicated that the nucleation of reinforcement 
cracking is very matrix and particle size dependent 
[13]. Levy and Papazian [16] have provided finite 
element analyses that additionally indicate that initial 
flow is promoted during loading near stress concentra- 
tions caused by the presence of the reinforcements, 
whiie it is also possible that the mismatch between 
reinforcement and matrix leads to a large stress con- 
centration near the reinforcement and the matrix in 
that region fails prematurely. In lower strength 
matrices, the stresses reached locally might not be large 
enough for either of these effects to occur, leading to 
strength improvement through the processes outlined 
earlier. In order to evaluate the possibility of such 
effects, both the unreinforced and composite materials 
were heat treated to the as-solution-treated condition. 
In this condition, the matrix strength is low due to the 
absence of hardening precipitates. The addition of the 
SiC in this case leads to an improvement in both the 
yield and ultimate tensile strength of the material. This 
suggests that the lower values obtained for the UA and 
OA composites, which have higher strength matrices, is 
at least in part due to the reasons outlined earlier. 

The higher work hardening rate in the composites 
with the 5 /xm SiC reinforcement compared with the 
13 urn reinforcement can be qualitatively understood 
by a model similar to that proposed by Kamat et al. [5], 
although the magnitudes of such work hardening rates 
are currently under investigation [12]. They suggest 
that, at low strains, dislocations tangles form around 
the particles due to plastic incompatibility. The tangles 
eventually link up to form a dislocation cell structure 
with a cell size related to interparticle spacing. Such a 
model would then lead to a flow stress inversely pro- 
portional to interparticle spacing, which would quali- 
tatively explain the higher work hardening rate in the 5 
um composite, as shown elsewhere [12]. 
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4.2  Fracture toitgrt/ic'ss 
Tht primary aim of this investigation was to study 

the effects of matrix aging condition and reinforcement 
size on the fracture behavior of these composites. The 
fracture toughness of precipitation- or dispersion- 
strengthened aluminum alloys has been well investi- 
gated [17]. While it has often been observed that the 
fracture toughness of monolithic aluminum alloys in 
the OA condition is somewhat lower than that 
obtained in the UA condition, this is not always 
observed [18]. Recent work [2, 3, 6] on monolithic 
powder-metallurgy-processed materials has shown 
nearly identical toughness in UA and OA conditions of 
equivalent strength. 

The fracture toughness of pure aluminum-based 
paniculate-reinforced metal matrix composites has 
been studied by Flom and Arsenault [1] while the 
behavior of Al-Mg-Cu-based composites in the 
annealed condition has been investigated by Kamat et 
al. [5]. Flom and Arsenault concluded that submicron 
oxide particles, inclusions etc. are responsible for the 
microvoid coalescence mechanisms of fracture in the 
SiC-Al composites studied [1] and found that an 
increase of SiC panicle size from 2.4 to 20 pm did not 
improve the fracture initiation toughness. Kamat et al. 
[5] concluded that fracture in an Al:03-particulate- 
reinforced Al-Mg-Cu alloy is controlled by the 
development of a dislocation cell structure of a size 
comparable with the interpanicle spacing and that frac- 
ture occurs by A1;03 fracture. The fracture toughness, 
for a reinforcement volume fraction of 2-20%, was 
found to increase with panicle spacing provided that 
the panicle size was less than a critical value, which was 
approximately 15 pm. They concluded that this critical 
value correlates with a particle which when cracked 
presents a microcrack that exceeds the matrix tough- 
ness locally. Their stress intensity values, at least for 
small sizes of A1:03 and lower volume fractions, were 
compatible with a Rice and Johnson [ 19] type of model. 

In the present investigation, it was found that the 
critical J integral value is a strong function of matrix 
aging condition but relatively independent of SiC par- 
ticle size for the limited sizes tested. Table 2 summar- 
izes the observed 7lc values. Initial attempts at 
rationalizing these results have focussed on a mode) 
first suggested by Rice and Johnson [19] and used by 
Kamat et al. [5]. In such a model all particles are con- 
sidered to crack or decohere ahead of the major crack 
tip and at a low strain value. Experimental observations 
of the crack tip regions in these materials have been 
provided elsewhere [3, 6, 20]. The region of plastic 
flow is limited to a volume of width Ö, a value which 
could presumably correspond to interparticle spacing. 
If such a relation were to hold, the following equation 
applies: 

K = o 

For such a homogeneous arrangement of particles, the 
interpanicle spacing A can be estimated from the 
microstructure through the relation [21] 

/ = 0.77dF-'/: (5) 

where d is the average panicle size and V is the volume 
fraction of the reinforcement. Table 2 summarizes the 
values of X and d for all the aging conditions and par- 
ticle sizes studied while typical fracture surfaces for the 
UA materials reinforced with 13 and 5 ^m SiC were 
shown previously in Fig. 7 and indicate a decrease in 
dimple size with decreasing panicle size. 

It ca^be seen from Table 2 that the value of d pre- 
dicted by the model corresponds reasonably to the 
interpanicle spacing X for the UA composite rein- 
forced with 13 (*m SiC. This would suggest that the 
region of intense plastic strain is confined to a region 
corresponding to the interpanicle spacing and that 
fracture proceeds by a sequential link up of fractured 
SiC panicles in this material. However, in the UA com- 
posite reinforced with 5 um SiC, the value of ö is 
unchanged compared with the 13 urn composite but 
the interparticle spacing is much smaller. One potential 
reason for this difference could be due to differences in 
the amount of clustering of SiC particles between the 
two cases {i.e. 5 pm vs. 13 ^m). One measure of the 
degree of clustering is provided by comparing the dis- 
tribution of local area fractions of reinforcements 
observed with that expected for a random distribution. 
Such an analysis can be performed by using the Dirich- 
let tesselation technique as described elsewhere [22]. 
Analyses conducted on these materials [2, 3] have indi- 
cated that in a comparative sense the 5 ^m composite 
is more clustered than the 13 ^m composite. In a quali- 
tative sense, these regions of clustered particles can act 
as centers of strain localization and the critical fracture 
distance and the region of intense plastic strain can 
then be thought of as being related to intercluster 
spacing as opposed to interparticle spacing. The mag- 
nitude of the effect of clustering also seems to depend 
on the mechanisms of the local fracture events as the 
clustering seems to have a larger effect on the fracture 
of the 5 um UA composite while the effect on the 5 um 
OA composite seems to be smaller, since the values of 
6 and X seem to agree more closely in this case. This is 
presumably related to the weakening of the near-inter- 
face regions in the OA composite which might com- 
pensate for the stress enhancement produced by 
clustering Thus fracture in this composite is controlled 
by a number of interrelated factors in the matrix 
microstructure and reinforcement distribution. Work 
is progressing in an attempt to describe the effects 
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of clustering on various phenomena [23], including 
fracture. 

While the lack of dependence of the fracture initia- 
tion toughness on panicle size may be related to the 
differing amounts of clustering present in the two 
materials, the differences in the fracture toughness 
between UA and OA composites is related to the dif- 
ferences in local failure mechanisms operating in these 
two cases. As reported earlier, in the UA composite, 
fracture occurs predominantly by the fracture of SiC 
particulates, while the OA composite showed failure 
predominantly in the matrix and near the SiC-matrix 
interfaces. The difference in the fracture energy as 
measured by the J integral values can then be corre- 
lated with the different energy requirements for these 
local fracture events. Presumably, weakening of the 
near-interface region in the OA composite in combina- 
tion with easier void nucleation in the matrix leads to 
the lower total fracture energy reflected in both the 
fracture initiation and growth toughnesses obtained for 
the OA material. Thus the local fracture micromechan- 
isms appear to play an important role in determining 
macroscopic fracture properties. In this composite, 
fracture property predictions based solely on the basis 
of uniaxial properties might be an oversimplification. 
An attempt at measuring the effects of microstructural 
changes on the interfacial strength has been made using 
static friction experiments with single-crystal SiC and 
the present aluminum alloy. In that work it was shown 
that similar heat treatments produced a sequential 
decrease in the strength of the interfaces on going from 
the UA to OA condition [24]. 

It should also be pointed out that the values of the J 
integral scale inversely with increases in volume frac- 
tion from 15 to 20% for both reinforcement sizes and 
all aging conditions. It is thus possible that the fracture 
properties of these composites can be estimated using 
an energy-based approach as a sum of the energy to 
fracture the matrix and the energy required to fracture 
the SiC or decohere the SiC-matrix interface. How- 
ever, the OA material does exhibit a lower absolute 
value of initiation toughness for both reinforcement 
sizes. This would also indicate that the reinforce- 
ment-matrix interfaces and the aging precipitates in the 
matrix and at grain boundaries in the OA materials 
provide lower energy sources for void initiation than 
they do in the UA material where SiC particle cracking 
predominate. 

The tearing modulus values seem to be relatively 
independent of the reinforcement volume fraction but 
strongly dependent on matrix aging condition. The 
tearing modulus of the material reinforced with 13 um 
SiC is higher than the material reinforced with 5 um 
SiC. The relative independence of volume fraction 
might be due to the small changes in volume fraction 

studied. As noted by Ritchie and Thompson [25] and 
as shown by Vasudevan et al. on Al-Li alloys [26] and 
by the present authors in similar composites [6], 
changes in microstructure can produce markedly dif- 
ferent changes in crack initiation and growth charac- 
teristics. The decrease in tearing modulus, measured as 
a difference, is nearly the same for both UA and OA 
conditions as reinforcement size is increased. The tear- 
ing moduli are strongly dependent on matrix aging con- 
dition. As with the initiation toughnesses, the tearing 
modulus of the OA composite is less than 50% of the 
UA composite. Once again, this observation indicates 
that the relative energies of local fracture mechanisms 
must be taken into account in any analysis of the 
macroscopic crack growth toughness. Recent work [7, 
27] on other aluminum alloy composites have addi- 
tionally indicated that the toughness response to 
microstructural changes may be different for other 
matrices, while decreases in toughness may also occur 
without a change in the fracture behavior of the 
reinforcement [27]. 

5. Conclusions 

(1) While UA and OA composites exhibited similar 
tensile properties at identical volume fractions, the 
fracture initiation toughness (as measured by /Ic) of the 
UA composite was about twice that of the OA com- 
posite for composites reinforced with both 5 fxm SiC 
and 13 wmSiC. 

(2) The UA composite exhibited a nearly linear 
decrease in 7Ic as the volume fraction of SiC was 
increased from zero to 20% while the OA composite 
exhibited a more rapid initial decrease in 7Ic over the 
same range of volume fractions for both 5 and 13 urn 
SiC reinforcements. 

(3) The value of 7,c showed only a minor depen- 
dence on the size of the reinforcement in the range 
studied. 

(4) The crack growth toughness (as measured by 
the tearing modulus) of the UA composite was greater 
than that of the OA composite for both the reinforce- 
ment sizes. 

(5) The tearing modulus of the composite rein- 
forced with 13 jum SiC was higher than that of the 
composite reinforced with 5 urn SiC for both UA and 
OA conditions. 

(6) Associated with this decrease in the crack initia- 
tion and growth toughnesses in going from a UA to a 
OA microstructure was a transition in the local fracture 
mode from SiC fracture (UA) to failure near the 
SiC-matrix interface (OA). This was shown statistically 
for the composite reinforced with 13 urn SiC and 
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qualitatively foi the composite reinforced with 5 //m 
SiC 
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